Pre-eclampsia is a common and complex pregnancy disorder that often involves impaired placental development. In order to identify altered gene expression in pre-eclamptic placenta, we sequenced placental transcriptomes of nine pre-eclamptic and nine healthy pregnant women in pools of three. The differential gene expression was tested both by including all the pools in the analysis and by excluding some of the pools based on phenotypic characteristics. From these analyses, we identified altogether 53 differently expressed genes, a subset of which was validated by qPCR in 20 cases and 19 controls. Furthermore, we conducted pathway and functional analyses which revealed disturbed vascular function and immunological balance in pre-eclamptic placenta. Some of the genes identified in our study have been reported by numerous microarray studies (BHLHE40, FSTL3, HK2, HTRA4, LEP, PVRL4, SASH1, SIGLEC6), but many have been implicated in only few studies or have not previously been linked to pre-eclampsia (ARMS2, BTNL9, CCSAP, DIO2, FER1L4, HPSE, LOC100129345, LYN,  MYO7B, NCMAP, NDRG1, NRIP1, PLIN2, SBSPON, SERPINB9, SH3BP5, TET3, TPBG, ZNF175) . Several of the molecules produced by these genes may have a role in the pathogenesis of pre-eclampsia, and some could qualify as biomarkers for prediction or detection of this pregnancy complication.
Scientific RepoRts | 5:14107 | DOi: 10.1038/srep14107 by oxidative and mechanical shear stress, pre-eclamptic placenta releases excess amount of placental material into maternal circulation 13, 14 . Placental factors, such as antiangiogenic soluble fms-like tyrosine kinase-1 (sFlt-1) 15, 16 , are believed to trigger systemic inflammation and endothelial dysfunction that manifest as the maternal symptoms of hypertension and proteinuria 17, 18 .
As placenta is centrally involved in the pathophysiology of pre-eclampsia, gene expression in pre-eclamptic placentae has been studied extensively with microarrays [19] [20] [21] . According to a recent systematic review, the genes most frequently differently expressed, LEP and FLT1, had been found in only third of the studies 19 , indicating inconsistency between the expression studies reviewed. This might be partly explained by the phenotypic and etiologic heterogeneity of pre-eclampsia, as well as by the differences in study design for factors that affect placental gene expression such as gestational weeks, sex of the child or method of delivery. Moreover, technical reasons including differences in placental sampling site, sample handling, microarray platforms and statistical methods add further heterogeneity between the studies.
To the authors' knowledge, this is the first study to apply RNA sequencing (RNA-seq) in studying gene expression in pre-eclamptic placenta. Studies comparing performance of microarrays to that of RNA-seq have revealed several advantages of the latter [22] [23] [24] [25] . Among these is the wider dynamic range of RNA-seq, due to which it is more sensitive in detecting genes with low expression level. Moreover, RNA-seq is not probe-based and therefore has a better genomic coverage. Thus, RNA-seq outperforms microarrays in sensitivity and is able to survey larger amount of genes, giving this method potential to reveal differential expression for genes not previously linked with pre-eclampsia. Identifying genes with altered expression in pre-eclamptic placenta would help to discover molecular mechanisms involved in the development of this common pregnancy disorder, as well as molecules qualifying for the prediction and detection of this disease.
Results
Clinical characteristics. Clinical characteristics of the study subjects are presented in Table 1 . In addition to diagnostic criteria of pre-eclampsia, the cases and controls in the RNA-seq differ statistically significantly for parity, gestational age at birth, relative birth weight and delay from detachment of placenta to sampling. In the sample set used for the quantitative PCR (qPCR) validation, the case and control groups differ for parity, relative birth weight and delay from detachment of placenta to sampling (Table 1 ).
Quality control of the RNA-seq data. On average, 1.85% of the original RNA-seq reads were filtered out in the quality filtering step, the percentage of filtered reads per pool being between 1.6 and 2.0%. After trimming and filtering, the quality of each forward and reverse pool was assessed. Read lengths for the forward data were between 25 and 101 bases for every pool whereas for the reverse data read length ranged between 25-90 and 25-101 bases depending on the pool. The average GC content per pool was 48-50%. The number of reads per pool after trimming and filtering ranged from 29 358 515 to 39 060 015 reads, the average of all pools being 32 670 939. The pools contained 64.6-73.6% duplicate reads, the average of all pools being 68.8%. The quality metrics for the RNA-seq data are shown in Supplementary Table S1 .
After quality trimming and filtering, the reads were aligned to the reference genome. Quality metrics for the alignment are shown in Supplementary Table S2 . Approximately 94% of the reads mapped with mate. For only 1% of these reads, the paired reads mapped to different chromosomes, indicating that majority of the reads aligned correctly. On average, 91% of the alignments were unique, aligning to only one position in the reference genome. Of the reads mapping to the annotated genes, on average 14.7% mapped to the top 10 most highly expressed genes and 19.8% to the top 20 most highly expressed genes. These numbers may partly explain the high numbers of duplicate reads as the abundant transcripts are more likely to be sequenced multiple times. Hence, many of the duplicate reads probably stem from high gene expression rather than from PCR duplication, therefore representing a true biological phenomenon. Differential gene expression in the RNA-seq. The differential gene expression was tested utilising three strategies. First, all the pre-eclampsia pools were compared against all the control pools. Second, the pre-eclampsia pools 2 and 3 were compared against the control pools. The pre-eclampsia pool 1 was excluded as it contained a Trisomy 21 placenta (information on Trisomy 21 diagnoses were not available at the time of the sample selection), and also because it may represent less severe pre-eclampsia phenotype as all the placental samples in this pool originate from term deliveries without fetal growth restriction. Third, the pre-eclampsia pools 1 and 2 were compared against the control pools. The pre-eclampsia pool 3 was excluded because it differed most from the control pools for gestational age. From these three subanalyses, we obtained altogether 53 genes that were statistically significantly differently expressed between the case and control groups, when the Y chromosomal genes were excluded, as the fetal sex distribution between the groups was not equal. The overlap in the results from the different subanalyses is illustrated in Fig. 1 . The differently expressed genes along with their summarised function, protein localisation, and expression difference (log 2 fold change) are listed in Table 2 , and the expression profiles of the genes per subanalysis are shown in Fig. 2 . The detailed result files containing differently expressed genes in each subanalysis are found in Supplementary Table S3 .
Altogether 577 distinct genes had a log 2 fold change ≥ 1 or ≤ −1 (two-fold difference) in at least one of the subanalyses, when the Y chromosomal genes were again excluded. Among these genes are FLT1, INHBA, Scientific RepoRts | 5:14107 | DOi: 10.1038/srep14107 CRH, PAPPA2 and LHB, genes often differently expressed in pre-eclampsia. The overlap in the genes with a log 2 fold change ≥ 1 or ≤ −1 between the subanalyses is illustrated in the Supplementary Fig. S1 . Pathway and functional analyses. Gene set enrichment analysis. Gene set enrichment analysis (GSEA) was conducted for each subanalysis independently. The analysis was carried out twice using two separate gene sets (hallmark gene sets and canonical pathways gene sets). With the hallmark gene sets 16, 10 and 10 pathways, and with the canonical pathways gene sets 72, 60 and 84 pathways were statistically significant in the analyses with all the pools included, with pre-eclampsia pool 1 excluded and with pre-eclampsia pool 3 excluded, respectively. Immunological as well as autoimmune and inflammatory disease pathways were enriched among significant pathways. Also signal transduction pathways that control growth and differentiation were abundant. Other significant pathways were related to developmental processes such as extracellular matrix and tissue remodelling, angiogenesis and epithelial-mesenchymal transition as well as to DNA damage response and reactive oxygen species. The significant pathways from the analyses utilising hallmark gene sets are shown in Table 3 and the pathways from the analyses with canonical pathways gene sets in Supplementary Table S4 .
Ingenuity canonical pathway analysis. The genes with at least two-fold increase or decrease in expression in the pre-eclamptic placentae compared to the control placentae (log 2 fold change ≥ 1 or ≤ −1) were included in the Ingenuity Pathway analysis (IPA) conducted separately for each subanalysis. Altogether 44, 60 and 41 canonical pathways were statistically significant in the analysis with all the pools included, with pre-eclampsia pool 1 excluded and with pre-eclampsia pool 3 excluded, respectively. Multiple immunological functions from both innate and adaptive immune systems were altered in pre-eclamptic placenta. Many of the significant pathways were related to autoimmune disease, such as rheumatoid arthritis and systemic lupus erythematosus. Also pathways related to migration, tissue development and angiogenesis as well as to stress response and signalling were enriched. The complete list of the pathway analysis results can be found in Supplementary Table S5 .
Ingenuity pathway functional analysis. The disease and functional annotations that were most significant in all the subanalysis are related to vast amount of immunological functions, tissue development, cell movement and cell communication and signalling. Other significant annotation categories include autoimmune and inflammatory diseases, cell death and cell proliferation, oxidative stress, cardiovascular disease and cardiovascular system development and function. The categories that included most disease and function annotations in the functional analysis and selected additional categories are presented in Supplementary Table S6 and the complete lists of the significant annotations can be found in Supplementary Table S7 .
qPCR validation. Of the total number of 53 genes that were differently expressed in the RNA-seq, 12 were originally selected for further qPCR validation. Due to the sequence similarity between DEFA1 and DEFA1B, the Taqman assays are not able to separate their expression from one another and the same assay detects expression of both making the number of assays utilised in the qPCR validation 11.
In the qPCR analysis we focused on distinguishing the disease-related gene expression differences from the differences caused by variability in gestational age. The effect of pre-eclampsia and gestational age on gene expression was analysed using both non-parametric permutation test and two-way ANOVA. The continuous variable gestational age was recoded into a dummy variable (preterm/term). In the validation, five of the 11 genes (CCSAP, HTRA4, LEP, PLIN2, SASH1) were differently expressed between the cases and controls. For five genes (CGB, DEFA1/DEFA1B1, FCGR3A, LGALS14, LYZ) the expression difference was dependent on gestational weeks. The expression level of TPBG was affected both by gestational weeks and pre-eclampsia. For HTRA4, the expression level in the pre-eclamptic group was affected by weeks of gestation, whereas for the control group this effect was not seen. This suggests that the increased HTRA4 expression might be related to the pre-eclampsia phenotype associated with preterm delivery and fetal growth restriction. Indeed, for CCSAP, HTRA4, LEP, PLIN2 and SASH1 log 2 Cq values inversely correlate with birth weight normalised for weeks of gestation in the pre-eclamptic group (data not shown), indicating that the expression level of these genes might be related to the amount of placental pathology involved. The results from the qPCR validation are shown in Table 4 and in Figs 3 and 4. Excluding outliers from the analysis did not change the result significantly. Excluding diabetic patients from the analysis did not cause significant changes for majority of the genes. The most notable difference in this analysis was that the expression of PLIN2 did not differ statistically significantly between pre-eclamptics and controls, but differed between preterm and term placenta ( Supplementary Table S8 ).
Discussion
In the present study, we conducted an RNA-seq analysis to compare gene expression between pre-eclamptic and healthy placenta, and found 53 genes that differed in expression between the groups. The genes include those previously identified by numerous microarray studies (e.g. BHLHE40, FSTL3, HK2, HTRA4, LEP, PVRL4, SASH1, SIGLEC6), but also those that have been reported by only few studies The results from expression array studies on pre-eclamptic placentae have recently been summarised in a systematic review 19 , in a meta-analysis 20 , and in a large-scale aggregate analysis 5 . Kleinrouweler and others 19 reviewed 30 studies that compared placental gene expression between pre-eclamptic and non-pre-eclamptic pregnancies, and defined a meta-signature of 40 transcripts that were reported to be differentially expressed in pre-eclampsia by at least three studies. Of the 53 genes identified in our study, nine (17.0%) (BHLHE40, CGB, FSTL3, HTRA4, IGFBP1, LEP, PVRL4, SASH1 and SIGLEC6) belong to this meta-signature. Furthermore, of the 577 genes that had a log 2 fold change ≥ 1 or ≤ −1 in at least one of our subanalyses, 15 (2.6%) belong to the meta-signature. These genes with noticeable although not necessarily statistically significant expression difference between the pre-eclamptic and non-pre-eclamptic placentae include many that have been implicated in previous studies, such as FLT1, INHBA, CRH, PAPPA2 and LHB. Important limitation in the review by Kleinrouweler and others is that only some of the studies list a complete set of the differently expressed genes while many report just selected genes, which may bias the results. Vaiman and others 20 compared mRNA levels between pre-eclamptic and control placentae by utilising raw data from six publicly available microarray datasets, and identified 67 genes that were upregulated and 31 genes that were downregulated in pre-eclamptic placentae in at least four out of the six datasets. Fourteen (26.4%) of our differently expressed genes (BHLHE40, CCSAP, FSTL3, HK2, HTRA4, LEP, LYN, NDRG1, NRIP1, PVRL4, SASH1, SH3BP5, SIGLEC6 and TPBG) and 21 (3.6%) of the genes with two-fold expression difference in our data overlapped with these 98 genes. Leavey and others 5 aggregated seven microarray data sets to generate a large set of 173 samples including 77 pre-eclamptics. They were able to separate three distinct subclasses of pre-eclampsia based on gene expression, and identified 1295 genes that showed altered expression in pre-eclamptic placentae compared to controls, as well as 1329 genes whose expression was altered in at least one of the three subclasses they found. Twenty-six (49.1%) of the genes differently expressed in our study were differently expressed in at least one of their analysis (ACTA2, ARNT2, BHLHE40, BTNL9, CCSAP, CGB1, COL17A1, CORO2A, DIO2, FSTL3, HK2, HTRA4, LEP, LYN, LYPD5, MYO7B, NDRG1, NRIP1, PLIN2, PVRL4, SASH1, SERPINB9, SH3BP5, SIGLEC6, TPBG, ZNF175). Furthermore, of the genes with log 2 fold change between − 1 and 1 in our analysis, 104 (18.0%) were reported as differently expressed in their study. These comparisons show that our study is in high concordance with previous microarray studies, and provides a valuable validation of previous results with a novel method. In addition, our study highlights genes not commonly reported by previous studies, such as FER1L4, NCMAP, RPS17, SBSPON, and TET3.
The pathway and functional annotation analyses in our data show several biological processes that are disturbed in pre-eclamptic placenta. The enrichment of immunological pathways and annotations reflects disturbed immunological balance and inflammation in pre-eclamptic placenta. In line with this, annotation analysis highlights multiple autoimmune, inflammatory and immunological diseases, which suggests that they might share partly common disease mechanisms with pre-eclampsia. Immune system molecules with altered expression in our study also participate in a wide array of developmental processes in placenta such as the development of haematological and vascular systems. Our results clearly show unbalance in many tissue development and homeostasis related processes such as cell death, proliferation, angiogenesis, migration and signalling. Many of the significant annotations including occlusion of artery, atherogenesis, atherosclerosis, vascular lesion, hypertension and oxidative stress are related to cardiovascular disease, emphasising common mechanisms between pre-eclampsia and other vascular diseases. Taken together, our results underline the intertwined processes of impaired vascular system development and function and immunological disturbance as most characteristic features of pre-eclamptic placenta. These results are in line with the interpretation of pre-eclampsia pathology depicted in the review by Staff and others 26 . The qPCR expression levels of CCSAP, HTRA4, LEP, PLIN2 and SASH1 inversely correlated with gestational age -normalised birth weight in the pre-eclamptic group, suggesting that the altered expression of these genes might be related to the pre-eclampsia phenotype involving impaired placental development. For HTRA4, a gene that encodes a serine peptidase responsible for degradation of misfolded proteins, there are previous findings in accordance with this interpretation. In addition to elevated HTRA4 mRNA and protein expression in pre-eclamptic placentae, serum HTRA4 levels are increased in pre-eclamptics, Table 4 . Quantitative PCR validation of 11 genes with altered expression in pre-eclamptic placentae in the RNA-seq. FC: fold change; gw: gestational week; PE: pre-eclampsia. The validation sample consists of 20 pre-eclamptic and 19 non-pre-eclamptic women, including 8 pre-eclamptic and 9 non-pre-eclamptic women from the RNA-seq. 1 Non-parametric permutation test conducted to compare control and pre-eclampsia, and term (gw ≥ 37 + 0) and preterm (gw < 37 + 0) separately. Cq values normalised for geometric mean of reference genes and a calibrator (Δ Δ Cq) were used in the analysis. 2 Two-way ANOVA with categorical variables pre-eclampsia status (control/pre-eclampsia) and gestational age (< 37 + 0/ ≥ 37 + 0). Log 2 Δ Δ Cq values were utilised in the analysis. 3 Gestational age affects expression level only in the pre-eclamptic group.
Scientific RepoRts | 5:14107 | DOi: 10.1038/srep14107 being higher in early-onset cases and inversely correlating with weight of the baby and placenta 27 . This provides support for the hypothesis according to which elevated HTRA4 expression may be related to the early-onset pre-eclampsia associated with fetal growth restriction.
To the authors' knowledge, this is the first study utilising RNA-seq to explore placental gene expression differences between pre-eclamptic and non-pre-eclamptic pregnancies. In the RNA-seq, we included only placentae from C-sections without contractions in order to exclude the effect of labour on gene expression. Placental samples utilised in the study were collected according to a well-defined protocol and pooled in groups of three. Pooling potentially minimizes the effect of subject-to-subject variation and facilitates the detection of gene expression differences present in majority of the pre-eclamptic placentae. On the other hand, in studies where pooled samples are untagged individual samples cannot be analysed separately, outliers cannot be identified and weaker signals present in only subset of the samples might be missed. Limitations of the study include the difference in gestational age between the cases and controls and a modest sample size in the RNA-seq, issues that were partly addressed by validating a subset of the differently expressed genes in a larger sample set with more comparable gestational age between the cases and controls, and also by studying the dependence of the gene expression on gestational age in the validation. Difference in gestational age between cases and controls is a common issue in expression studies of pre-eclamptic placentae: women with severe pre-eclampsia tend to deliver prematurely, whereas healthy pregnant controls usually deliver at term. Including premature non-pre-eclamptic placentae as controls does not provide a non-problematic solution because prematurity might be caused by
Figure 3. Comparison of the placental gene expression in the qPCR validation between 20 pre-eclamptic and 19 non-pre-eclamptic women.
Eight pre-eclamptic and nine non-pre-eclamptic women from the RNAseq were included in the validation. The genes were selected for validation based on differential expression in the RNA-seq. ddCq = delta delta Cq, Cq value normalised for geometric mean of reference genes and a calibrator.
Scientific RepoRts | 5:14107 | DOi: 10.1038/srep14107 infection or other underlying condition that might severely affect placental gene expression. As we were not able to control for gestational age in the RNA-seq, some of the observed expression differences might be caused by this factor, as seen in the qPCR validation. One of the pre-eclampsia pools in the RNA-seq contained a Trisomy 21 placenta, which may increase the phenotypic heterogeneity of the pool. To circumvent this issue, we analysed the RNA-seq data also without this pool. The median of the delay from detachment of placenta to sampling differed 20 minutes between the cases and controls in the RNA-seq, but this is unlikely to be a major concern as RNA is shown to be stable for as long as 48 hours in intact placental tissue stored at + 4 28 .
Data from differently expressed transcripts in pre-eclamptic placenta is accumulating, and could be exploited in clinical applications. Many of the molecules could potentially be deployed in diagnosing pre-eclampsia or as predictive biomarkers to detect women at risk of the disease. Furthermore, these markers could be used to recognise subphenotypes of pre-eclampsia. Secreted proteins are of special interest for these purposes, but also novel approaches such as sequencing of fetal RNA from maternal blood (recently reviewed by Oudejans 29 ) provide intriguing options for development of screening tests. Genome-wide or targeted RNA-seq from maternal blood would also enable utilising large number of non-protein-coding transcripts (in our data e.g. FER1L4 and LOC100129345). Although developing these kinds of tests will require solving of various technical problems and gathering of more detailed knowledge on placental gene expression in pre-eclampsia as well as knowledge on temporal gene expression during placental development, this approach could offer a large-scale screening method for predicting pre-eclampsia risk or clinical outcome. In this first RNA-seq study on pre-eclamptic placentae we identified several genes involved in the biological processes relevant for the development of pre-eclampsia, such as immunological and vascular functions. The genes likely include those whose distorted expression is causative and directly involved in the development of pre-eclampsia as well as those whose expression levels change secondary to pathological condition seen in pre-eclamptic placenta. To separate causative expression differences from secondary changes, it would be ideal to study early-pregnancy placental samples collected before the clinical onset of the disease. These samples are due to obvious ethical reasons challenging to collect, but surplus from diagnostic samples obtained at the first trimester of pregnancy could provide a solution for future studies. Many of the proteins or transcripts produced by the genes with altered expression in this study could show potential as pre-eclampsia biomarkers, and the suitability of these molecules for predictive or diagnostic purposes should be evaluated in future studies.
Materials and Methods
Study subjects. The Finnish Genetics of Pre-eclampsia Consortium (FINNPEC) cohort 30 includes placental samples from 102 pre-eclamptic and 79 non-pre-eclamptic pregnancies, of which 17 pre-eclamptics and 11 controls met our criteria for the RNA-seq. Nine pre-eclamptic patients and nine healthy pregnant women were selected for the RNA-seq, and the samples were pooled in pools of three. The samples were pooled in order to maximize the number of placental transcriptomes that could be sequenced with the resources available. All the cases in pre-eclampsia pool 3, and one case in the pre-eclampsia pools 1 and 2 had an early-onset pre-eclampsia (onset < 34 + 0 weeks of pregnancy). The pre-eclampsia pools 1, 2 and 3 consist of placental samples from 38-39, 34-36 and 33 weeks of gestation, respectively, and the control pools from 38-39 weeks of gestation. Only term control placentae were utilised in the RNA-seq because in prematurely delivered placentae gene expression might be affected by infection or other unknown factors. Only women who delivered by elective or urgent C-section without labour were included to minimize the effect of delivery method on gene expression. Placental samples taken within 1.5 hours of placental detachment were considered eligible. Exclusion criteria applied were chronic hypertension, cardiovascular disease, diabetes, chronic inflammatory, autoimmune, haemolytic and renal diseases, hepatitis, placental ablation, chorioamnionitis, and multiple pregnancy. Additionally, placental insufficiency, small-for-gestational age baby (SGA) and gestational hypertension were considered as exclusion criteria for the controls. After the sequencing had been performed, the pre-eclampsia pool 1 was found to contain a Trisomy 21 placenta.
The sample set for the qPCR validation consists of placental samples from 20 pre-eclamptic patients and 19 non-pre-eclamptic women from the FINNPEC cohort. The validation sample set includes the original cases and controls from the RNA-seq, except for the Trisomy 21 placenta. The exclusion criteria were otherwise the same as in the RNA-seq, but diabetic women, women who had given vaginal birth and non-pre-eclamptic women with preterm delivery were included in the validation sample set to increase the sample size.
The diagnoses of pre-eclampsia were ascertained based on medical records with the following criteria: systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg with new-onset proteinuria (≥ 0.3 g/24 hours) after 20 weeks of gestation 31 . Preterm delivery is defined as a delivery occurring before 37 weeks + 0 days of pregnancy. Birth weights below − 2.0 SD units (birth weight relative to sex and length of gestation) according to Finnish standards 32 are classified as SGA. Placental insufficiency is defined as uterine artery resistance index or pulsatility index > +2 SD units. The diagnoses were verified independently by a research nurse and a study physician.
Ethical approval. All study participants have provided a written informed consent, and the study protocols have been approved by the Coordinating Ethics Committee of the Hospital District of Helsinki and Uusimaa. All experiments were performed in accordance with the approved guidelines.
Sample collection and RNA extraction. The placental samples were collected according to a 9-site protocol where placenta is divided in nine sections, and a biopsy sample is harvested from each of these sections. The samples were obtained shortly after detachment of placenta: 70% of the samples were collected within half an hour, 92.5% within an hour and the remaining three samples within 80 minutes of placental detachment. The samples were subsequently stored in RNA later solution. For each study sample, RNA was extracted from two placental fragments (sites 1 and 8 for the RNA-seq and sites 2 and 4 for the qPCR validation) that were pooled together before the extraction. The RNA was extracted using RNA-seq data analysis. The quality of the raw sequence reads was determined with the FastQC and PRINSEQ tools integrated in the Chipster software 33 . The reads were trimmed with Trimmomatic (v. 0.22) 34 . Bases with quality value < 20 were cut off from the start and end of the reads and adapter sequences and reads shorter than 25 bp were removed. Reads containing > 2 undetermined bases (N) were removed with the Chipster integrated PRINSEQ tool. After trimming and filtering, the reads were aligned to the reference genome (hg19) with Tophat (v. 2.0.4) 35 . The UCSC hg19 genome sequence indexes and the GTF transcript annotation files provided by Illumina were used in the alignment. A transcriptome index was built with the control pool 3 and the same index was subsequently utilised for the other alignments. The expected mean inner distance between mate pairs was estimated from the average total fragment size for each pool. 50 bp was set as the standard deviation for the distribution on inner distances between mate pairs. Otherwise, default settings were used for the alignment. The alignments were examined with SAMtools 36 and HTSeq 37 and visualised with the Chipster genome browser. Transcript assembly for each individual pool was conducted with Cufflinks (2.0.2) 38 . Multi read correct (-u) and upper quartile normalisation (-N) options were used in the assembly. The assemblies were merged together with Cuffmerge. The case and control groups were tested for differential gene expression with Cuffdiff. In the Cuffdiff run, multi read correct option (-u) was utilised and the tool was provided with the multifasta file the reads were mapped to (-b) to improve accuracy of transcript abundance estimates. In the differential expression analysis, a q value (an FDR corrected p value) of < 0.05 was considered statistically significant. The results were visualised with CummeRbund 39 in the R environment.
Pathway and functional annotation analyses were conducted separately for each subanalysis using GSEA 40, 41 and IPA (QIAGEN) software. The gene lists included in the GSEA analysis contained all the genes from the Cuffdiff differential gene expression result files except for the Y chromosomal ones and the ones for which Cuffdiff had not conducted differential expression test (test status FAIL or NOTEST). The analyses were performed with the GSEAPreranked tool, and the log 2 fold change values were used as ranking values for the genes. Analyses were run twice using two different gene sets separately: the hallmark gene sets and the canonical pathways gene sets. The hallmark gene sets represent specific well-defined biological processes or states and have been created by computational methodology based on identifying gene set overlaps. Canonical pathways gene sets have been collected from pathway databases and have usually been gathered by domain experts. An FDR q value of < 0.05 was considered significant in the GSEA analyses. For the analysis conducted with IPA, genes with a log 2 fold change ≥ 1 or ≤ −1 were included. As for the GSEA analyses, the analyses were conducted separately for each subanalysis. Genes and endogenous chemicals were included as a reference set, and only experimentally observed relationships were considered. A p value of < 0.05 or a corresponding -log(p value) of 1.3 were considered significant in the IPA analyses.
Selection of the genes for the qPCR validation. The expression patterns of the genes that were differentially expressed between the cases and controls in the RNA-seq were visually evaluated using the Chipster genome browser and heat maps produced with CummeRbund. Based on this evaluation, we excluded genes that showed clearly overlapping expression pattern between the case and control pools. For the qPCR validation we selected genes that showed consistent differential expression across the case pools compared to the control pools, and preferred the genes with expression level large enough to be detected with qPCR. In addition, functional relevance of the genes for pre-eclampsia was considered in the selection process.
Reverse transcription and qPCR. After the RNA extraction, TURBO DNA-free (Invitrogen) DNAase treatment was performed for each sample according to the manufacturer's instructions to degrade any genomic DNA. A microgram of placental RNA was reverse transcribed to cDNA with High Capacity RNA-to cDNA Kit (Invitrogen) according to the manufacturer's instructions. Duplicate reverse transcription reactions were prepared from each sample.
The qPCR validation was performed with Taqman chemistry (TaqMan ® Fast Universal PCR Master Mix (2X), No AmpErase ® UNG (Applied Biosystems)). The target genes and the Taqman assays utilised are listed in Supplementary Table S9 . Reaction mixes were prepared according to the manufacturer's instructions, and each sample was run in duplicate in the 7500 Fast Real-Time qPCR machine (Applied Biosystems) with the protocol for Taqman Fast chemistry. Before conducting the actual experiments, six point standard curves with 1:5 dilutions, except 1:3 dilution for FCGR3A, were prepared for each of the target genes to determine the linear range and the most suitable dilution ( Supplementary Table  S9 ). Endogenous control genes were selected among five candidates (TOP1, PPIA, YWHAZ, UBC and TBP) by studying the expression level of these genes in eight cases and in eight controls representative of the whole sample set, and evaluating stability of their expression by the geNorm 42 and NormFinder 43 software. TBP and YWHAZ were most stably expressed genes in our dataset, and were selected for endogenous controls. A cDNA pool constructed from the 19 control samples was utilised as a calibrator sample in the qPCR runs. qPCR data analysis. PCR efficiencies were determined with LinRegPCR 44, 45 , and Cq values were corrected for efficiency and normalised for geometric mean of the endogenous control genes, and for a calibrator sample, with the QPCR software 46 . The normalised Cq or log 2 Cq values were used to test expression differences between the cases and controls and, additionally, between the preterm and term placentae utilising non-parametric permutation test (Δ Δ Cq used) and two-way ANOVA (log 2 Δ Δ Cq used). Statistical analyses were conducted with the QPCR software and IBM SPSS Statistics 21 software (IBM Corp).
